Introduction
Activation with neutrons results in two distinct reaction processes: immediately after neutron capture, prompt gamma radiation is emitted, and in cases when radioactive nuclides are formed, delayed beta and gamma radiation is also released. The detection of the neutron-induced radioactivity was first recommended for chemical analysis by György Hevesy (in international literature George de Hevesy) in 1936, just a few years after the discovery of neutrons [1] . In the same decade, the prompt activation of nuclei was also discovered [2, 3] . From the early 1960s, neutron activation analysis (NAA) was a quickly developing technique at the first generation of research reactors. Since then, NAA has become one of the most reliable methods for trace-element analysis. The first reactor-based prompt gamma activation analytical (PGAA) experiment was performed at the Institut Laue-Langevin (Grenoble, France) using a chopped neutron beam from a reactor and detecting the gamma rays with a NaI(Tl) detector in 1966 [4, 5] . In the same year, neutron guides were proposed for neutron capture measurements [6] , and in just a few years, the first in-beam PGAA measurements were performed in Garching and Saclay [7, 8] . However, the real development of the method started only two *Author for correspondence (E-mail: zsolt.revay@frm2.tum.de). decades later. Since the 1970s, high-resolution semiconductor detectors, nowadays high-purity germanium (HPGe) detectors, have been used to acquire gamma spectra.
Though there are now many competitors of the nuclear analytical techniques, both activation-analysis techniques have their advantages, which will ensure their positions in the most important neutron research centers.
At many laboratories, both PGAA and NAA have been performed using the relative method: the gamma spectra of the irradiated samples are compared to those of similarly prepared standards containing the elements in question. For one analysis, several measurements have to be performed, and this may require a huge collection of expensive reference materials. The standardization of the method became increasingly important in order to make the reliability of the method independent of the practices followed at the different laboratories. In this paper, we deal with the most successful standardization technique, the k 0 method, as applied to both techniques.
Theory
Both neutrons and gamma photons have a relatively long mean free path in matter (typically of the order of centimeters in H-free matrices), that is why NAA or PGAA provide information on the whole irradiated volume. In practice, the ideal conditions can be approximated well enough when the illumination of the sample can be regarded as uniform and the emitted gamma radiation is detected without significant self-absorption. In other words, the obtained signal is fairly matrix-independent. A method like this is an obvious target for standardization, because the intensity of the measured signal can be derived from physical models: from the well-understood laws of neutron capture (or the (n, γ ) reaction), nuclear de-excitation and radioactive decay, as well as the principles of radiation detection. The most complete description of k 0 standardization of NAA can be found in [9] . The equivalent equations for PGAA can be found in [10] . In this paper, we start with the description of PGAA, and then NAA will be discussed, as the first one does not involve the correction for radioactive decay, but otherwise the basic equations are the same for both techniques.
History
Already before 1970, several researchers had devised standardization techniques for various projects, where calibration factors, sometimes called k factors, were measured for the gamma rays of the desired elements for specific irradiation and counting conditions. It was very convenient to continue using these k factors as long as the conditions did not change [11] .
In the early 1970s, András Simonits was conducting research at the laboratory of Julien Hoste in Gent, Belgium. He proposed to Frans De Corte the development of a standardization of NAA using "universal k factors", where the essential information for a gamma ray emitted by any nuclide produced by neutron activation would be contained in a universal constant, the k 0 factor, and all the factors depending on the specific irradiation and counting conditions would be calculated by models. Thus, multi-element analysis could be performed with the same amount of work as was previously needed for single-element analysis [12] .
Following the publication where the k 0 method was introduced, the development of the method required many years of hard work. The k 0,Au values relative to the generally used gold flux monitor were accurately measured for the gamma rays of practically all nuclides produced by neutron irradiation, as were the other activation and decay properties mainly at Budapest and Gent [13, 14] . The validated k 0 dataset can be found in [15] .
The first datasets proposed for PGAA did not meet the requirements of chemical analysis [16] , and the listed elemental cross-sections and emission probabilities were all biased with serious systematic errors [17] . During the 1990s, the k 0 standardization was encouraged by András Simonits in Budapest, when the new PGAA facility started its operation. The k 0 approach was introduced in this technique by Lindstrom et al. [18] .
In PGAA, first chlorine was used as a comparator because it has a relatively simple prompt gamma spectrum with distinct and strong lines, and many elements have stoichiometric compounds with chlorine. Titanium as a prompt flux monitor was also used at some laboratories. Later, hydrogen became the ultimate comparator for PGAA, as many elements could be standardized to it directly when using stoichiometric compounds or water solutions. Hydrogen has one characteristic line, its natural form can practically be regarded as a monoisotopic element, and its cross-section as well as its characteristic energy has been determined very accurately. The first analytical datasets still listed k 0,Cl or k 0,H values. The final convention uses another composite nuclear constant, the so-called partial gamma-ray production cross-section. This cross-section is still determined relative to a comparator (ultimately to hydrogen), and the whole method is still based on the k 0 principle, but using crosssections instead of the ratios of cross-sections, i.e. the k 0 factors.
A systematic series of measurements was performed in Budapest from 1997 to 2000, in which the energies and partial cross-sections of the most important characteristic gamma lines for all naturally occurring elements were determined. After an evaluation, the data are now available for users [19, 20] .
Activation
The basic equation of activation is very simple: the reaction rate (R) induced by mono-energetic neutrons is as follows [10] :
where N is the number of atoms of the irradiated nuclide, Φ is the neutron flux, and σ is its neutron capture crosssection at the given energy of the neutrons. Eq. (1) is valid at any neutron energy, but in neutron capture, the basis is always the thermal energy: 0.0253 eV. For cross-sections measured at this energy, we use the name thermal crosssection, denoted by σ 0 . Most of the nuclides follow the socalled 1/v law for thermal neutrons, thus their cross-sections will change equally in different-temperature neutron fields.
In the case of prompt gamma activation, R is the induced activity during the irradiation, while the activity of radioactive nuclides depends on their half-lives (see later).
In activation analysis, gamma spectra are always collected using multi-channel analyzers (MCA-s). First, the gamma detection has to be calibrated by measuring calibration sources with accurately known activities. Once we have the count-rate-to-activity function, we can determine the activity of the sample from the areas of characteristic gamma peaks:
where A is the net peak area of the given gamma line, t is the measurement time (live time, see below), and ε is the counting efficiency at the measured gamma energy; the number of atoms of interest is the product of the mass of the irradiated element m over its molar mass M, the Avogadro constant N A , and the abundance of the target isotope θ; σ is the neutron capture cross-section and P γ is the emission probability from the transition resulting in the given gamma photon. The expression on the left-hand side equals the number of given energy photons emitted per unit time, which we will call gamma activity for short in our explanations. Note that it is assumed that the peak areas have already been corrected for count-rate dependent random counting losses, whether they are caused by pulse pile-up or analogto-digital converter (ADC) dead-time. Since modern spectrometers have quite accurate live-time clocks, this correction is usually achieved simply by using the live-time in the factor A/t. In the case of highly varying count rate and significant decay of the nuclide during the counting period, typical in certain NAA measurements, it may be more accurately done by a real-time correction method, such as lossfree counting, or zero dead-time [21] .
The neutron flux depends on the neutron energy, and so does the capture cross-section. In principle, the product of the flux and the cross-section in the above equations has to be replaced by the integral of the energy dependent crosssection multiplied by the flux distribution:
where E n is the neutron energy. In the case of pure thermal neutron fields the integral simplifies to the product of an average quantity, the so-called thermal flux (Φ 0 ) and the thermal cross-section (σ 0 ), introduced already above. This convention can be extended to irradiations with cold neutron beams, too, where all reaction rates are higher thanks to the increased cross-sections (due to the 1/v law). If we use thermal cross-sections (σ 0 ) in our calculations, with an increased thermal flux (also called thermal equivalent flux, Φ 0 ) we get the proper reaction rates. It is advantageous to introduce the so-called partial gamma-ray production cross-section, the product of the abundance, the capture cross-section, and the emission probability:
In thermal beams, we still can use Eq. (1) with thermal cross-section and flux [10] .
PGAA
In PGAA, the sample irradiation and the counting of the gamma spectrum take place at the same time. At research reactors, the sample is placed in a directed neutron beam, and the gamma radiation is detected perpendicular to that beam. In pure thermal or cold neutron beams, the following equation can be used:
where σ γ is the partial gamma-ray production cross-section (at thermal neutron energy). This equation can be used for the determination of m, σ γ , or Φ 0 , if the detector is calibrated, i.e. its counting efficiency (ε) is known. First, using a monitor with a known mass and cross-section, the thermal flux can be determined. Then using a standard with a known mass, the partial cross-section for the studied element can be measured. Finally, one can perform the analysis, i.e. determine the mass using the flux and the cross-section. In collimated beams, higher-energy neutron components from the reactor may also appear. They are generally attenuated with sapphire or bismuth single-crystal filters, so that their contribution to activation is regarded as negligible. Curved neutron guides provide pure thermal or cold neutron beams.
The actual flux inside the sample may not always be accurately known due to the possibly inhomogeneous beam profile and neutron scattering, especially when measuring bulk samples. Instead of using a flux monitor, in the case of homogeneous samples one can compare the peak area to that of another component in the same material:
Other quantities (measurement time, flux, and the Avogadro constant) cancel. The mass ratio weighted by the molar masses can also be replaced with the ratio of the stoichiometric coefficients (n). In other words, the ratio of the gamma activities equals the ratio of partial cross-section times the ratio of the stoichiometric coefficients. This equation is the basis of the accurate quantitative analysis in PGAA, following the k 0 approach [10, 22] .
In PGAA, it often can be assumed that all major and minor components emit detectable prompt gamma radiations, which allows their determination with reasonable accuracies. Using the above approach, the composition of such samples can be determined in one measurement without the use of standards or monitors [22] .
When irradiating in beam, radioactive nuclides are also activated, whose delayed gamma radiation certainly can be used for elemental analysis. It is especially true for quasiprompt gamma lines, i.e. those with half-lives in the range of seconds or less. Longer-lived nuclides can also have significant peaks in the spectra. The peak areas of such decay lines have to be corrected for saturation using the following factor:
where λ is the decay constant, t is the measurement time (true time). Nuclear data for short-lived nuclides can be determined more accurately in neutron beams than with delayed radioactivity measurements when the half-life is very short [23, 24] . The cross-sections of certain nuclides ( 133 Cd, 157 Gd, 149 Sm, 176 Lu) do not follow the 1/v law in the thermal energy region. This irregular behavior disappears in cold neutron beams and is mostly insignificant in guided beams, too. The increased activation of the irregular nuclides can be corrected for using the so-called Westcott g factors, which can be as high as 2-3, when irradiating in collimated thermal beams [25] .
Gamma-ray self-absorption and neutron self-shielding may play an important role in PGAA, especially when bulk samples are analyzed. In the case of homogeneous samples, neutron self-shielding will lower the induced activity of all elements to the same extent, so it does not affect the calculation of the mass ratios. The gamma self-absorption, on the other hand, has to be corrected for, because the lower-energy gamma rays which are absorbed more strongly would yield lower masses in the calculation. An analytical formula can be found for a homogeneous slab sample with thickness d, and with an angle α between the beam and the slab:
where A 0 would be the ideal peak area with no self-shielding and self-absorption, µ γ is the linear absorption coefficient for gamma rays, which can be found in publicly available databases [26] , µ n is the same for neutrons, and it can be calculated from the density, the Avogadro constant, the capture cross-section, and the molar mass as: µ n = ρN A σ/M. Note that in this case one has to use the real cross-section, which can be calculated from the thermal value based on the 1/v law, e.g. from the effective beam temperature σ 0 (T eff /T 0 ) 1/2 . The actual linear absorption coefficients are sums of those of the elements weighted with concentration (mass fractions), i.e. they depend on the result of the analysis. The correction factor thus can be determined in an iterative way. Normally, one step of iteration is enough [22] .
NAA
In the case of NAA, the irradiation takes place in the nearly isotropic field of neutrons in an irradiation channel inside a research reactor, where the other components of the neutron spectrum also take part in the activation. Activation by thermal neutrons is usually the most important process. With the capture of epithermal neutrons, the same radioactive nuclides are formed, which emit the same decay gamma rays. Fast neutrons open other reaction channels. The nuclide produced by an (n, p) reaction may be the same as the one produced by an (n, γ ) reaction on an isotope of a different element, resulting in an interference; the correction for these interferences is not discussed here.
When irradiating in research reactors, the increased activities due to the epithermal activation have to be taken into account. The Høgdahl convention [27] , used in k 0 standardization, separates the neutron spectrum into two regions, above and below the cadmium cut-off energy, 0.55 eV: a cadmium cover of 0.5 mm absorbs almost all the neutrons below this energy. In reactor activation, Eqs. (1) and (3) can be modified like this:
Φ s (practically equals Φ 0 ) and Φ e are the sub-cadmium and the epi-cadmium flux, usually simply called the thermal and epithermal flux, while σ 0 and I 0 are the thermal cross-section and the so-called resonance integral, respectively. I 0 is the average cross-section weighted with a neutron spectrum following the theoretical 1/E n function between the cadmium cut-off and the fast neutrons. In this region, many nuclides have a huge number of resonances, all contributing to I 0 . Q 0 is the ratio of the resonance integral to the thermal crosssection, and f is the ratio of thermal to epithermal flux for the irradiation channel. Based on the above equations, one can calculate the activation of the samples in reactors. After the irradiation, the sample is transferred to a lowbackground counting facility, where the gamma radiation is collected by a spectrometer in an energy spectrum. The electronic pulses from the gamma ray detector are sorted by their amplitudes into the typically 8192 channels of a multichannel analyzer (MCA). The net areas of the peaks have to be divided by the product of the saturation, the decay, and the counting factors below, to correct for the radioactive decay during the irradiation, the cooling, and the counting, respectively:
where t irr , t d , t c are the irradiation, the decay (cooling), and the counting times (true times), respectively, and λ is the decay constant. These factors have also been formalized by the developers of the k 0 method for all the more complicated cases of decay [15] . Thus the detected peak areas, measured bare and cadmium-covered, can be expressed as:
On the left-hand side, the gamma activities are given, as calculated from the peak area and corrected for decay. This equation can be directly used for quantitative analysis (determination of m) if the flux-related quantities (Φ s , f ), as well as the cross-section-related and other physical data (M, θ, P γ , σ 0 , Q 0 ) are known. These physical data can be found in the literature, but their accuracies do not meet the requirements of chemical analysis. The intention of the inventors of the k 0 method was to avoid these inaccuracies when performing activation analysis. A composite nuclear constant, the k 0 factor, was introduced in the standardization of NAA:
where x denotes the investigated element, and c the comparator (the cross-section standard, which is 198 Au, as will be discussed later). It can be seen that the k 0 is the ratio of the partial gamma-ray production cross-section (Eq. 4) divided by the molar mass. Using Eqs. (9) and (11), the k 0 factor can be expressed in another way, too:
This expression does not contain physical constants, but experimental data: peak areas, measurement times and other time-related quantities, counting efficiency and sample masses. The four terms in parentheses are the gamma activities divided by the mass of the irradiated element, what is called specific activity in the k 0 literature. The terms with Cd subscript subtract the epithermal contribution from the specific activity measured without cadmium cover; thus the k 0 factor is the ratio of specific activities calculated for thermal activation. The k 0 value can thus be thought of as the number of gamma rays emitted per unit mass of the element, activated in unit thermal neutron fluence, relative to the similar quantity of the flux monitor.
The k 0 factor is a nuclear constant, which can also be determined from measured quantities and other experimental data. While deriving it from other nuclear data would result in a rather inaccurate number, its derivation from areas of spectral peaks and samples masses may be performed very accurately, meeting the requirements of chemical analysis.
Q 0 values can be determined using the cadmium-ratio method, derived from Eq. (11):
where f is the thermal-to-epithermal flux ratio, predetermined during the calibration of the irradiation channel, and in the denominator the ratio of the specific activities measured bare and with cadmium-cover can be seen. (Since we count the same gamma line in both cases, the efficiency cancels from the ratio).
A cadmium cover does not perfectly separate the activation in the two energy regions. When resonances of the investigated nuclide coincide with those of cadmium at certain energies, then the cadmium cover will not transmit 100% of epithermal neutrons. The specific activities determined with cadmium cover must be corrected for this using the cadmium transmission factors F Cd . Since some of the F Cd factors are not known with the required accuracy, some researchers feel that it is preferable not to use Cd covers.
Q 0 values can be determined without the use of cadmium covers by irradiating in two different channels with highly differing f values [28] , i.e. using the so-called two-channel method. The accuracy attainable is comparable to that of the cadmium-ratio method.
The k 0 factor can also be determined without the use of cadmium covers, once the irradiation channel is calibrated, and if the Q 0 value is also known:
The developers of the k 0 method decided to use gold ( 198 Au) as the comparator, because it has been widely used as a flux monitor, and its nuclear data are known with a high accuracy (σ 0 = 98.65 ± 0.9 barn, I 0 = 1550 ± 28 barn, Q 0 = 15.71 ± 0.28 [29, 30] ). Over the years, accurate k 0,Au and Q 0 values have been measured relative to the 64-h half-life, 411-keV gamma line of 198 Au for more than 400 gamma rays emitted by more than 122 nuclides, essentially all the gamma rays used in NAA. (In this convention, k 0,Au (Au) = 1 [13] [14] [15] .)
The Høgdahl convention also assumes that in the epithermal neutron region, the neutron spectrum varies with energy as 1/E n . This might not be strictly true from thermal energies up to fast-neutron energies, and even small deviations from this model result in significant systematic errors when the nuclide has a high Q 0 value. Thus a modification became necessary to keep the universality of the method. The neutron spectrum proved to be described satisfactorily with the model function 1/E 1+α . The shape parameter α can be determined with nuclides having greatly differing resonance energies, which are thus highly sensitive to the variation of the spectrum shape [31] .
The resonance integral, and thus the Q 0 value, varies with α. It varies most for the reactions which have resonances at high neutron energies. In the k 0 method, the calculation of Q 0 (α) is simplified by using the concept of mean resonance energy, where the contribution to the resonance integral of all the resonances is approximated by one resonance situated at the effective mean energy. Then, knowing α, one can calculate Q 0 (α) by a theoretical formula:
The mean resonance energies have been calculated by Jovanovic, by integrating over all the resonances available in the literature for all the (n, γ ) reactions used in neutron activation analysis [32] . When performing k 0 NAA, one has to calibrate carefully the irradiation and counting facilities first, which means the determination of Φ s , f , α, and ε. In fact, the thermal flux may change from irradiation to irradiation, so a flux monitor should be co-irradiated with the sample(s). The masses of the elements in the sample can then be determined using this equation:
The subscripts x and c refer to the unknown and the comparator, respectively. The developers of the k 0 method emphasized the need to take into account neutron self-shielding, both for thermal and epithermal neutrons. With the self-shielding correction factors, the above equation becomes:
The thermal and epithermal self-shielding factors, G th and G epi , are very close to unity for most activation reactions in most samples, such as biological materials, and can be ignored. But the self-shielding effect is important for samples containing large amounts of nuclides with high neutron capture cross sections. Historically, the calculation of G th and G epi was extremely difficult, and it was recommended to dilute the samples to avoid self-shielding. Now, G th and G epi can be calculated easily and accurately with an analytical formula (see later) [33] . The cross-sections of certain nuclides (like 176 Lu and 151 Eu) do not strictly follow the 1/v law due to low-energy resonances. These nuclides will be activated somewhat differently in different reactors, depending on the temperatures of the irradiation channels. In this paper we do not discuss this in detail.
Methods

PGAA
Getting started, spectrum evaluation
PGAA can be best performed in neutron beams. When the k 0 approach of PGAA is applied, the composition can be determined without knowing the flux or the mass of the sample. In this case, the calibration of the facility means the determination of the counting efficiency only. The sensitivities, however, are affected by the neutron flux and the sample mass.
After the acquisition of the spectra, one needs spectrumevaluation software that can fit asymmetric peaks and multiplets from several overlapping peaks. There are not too many software packages that can do that well. One of them is Hypermet [34] , which used to be available in many nuclear laboratories since the 1970s. Its further developed version with a graphical interface and with calibration routines, Hypermet-PC, became available in 1994, and is still being used in many laboratories [35, 36] .
For the analysis, one needs the spectroscopic database. The most complete and most accurate one has been established for analytical purposes in Budapest [19] . It is also available through the IAEA [20] .
Flux and flux profile
If the beam is collimated, then the neutron spectrum originally is the same as that inside the reactor. To lower undesired reactions, epithermal and fast neutrons are attenuated with filters. The neutron spectrum will thus consist of a dominant thermal component (Maxwellian with a temperature of about 300-320 K) and a much lower epithermal component with an f of the order of several hundred.
In the case of guided neutron beams, the thermal spectrum is strongly distorted, as neutron guides transmit lowerenergy neutrons much better. As a result of that, the originally nearly-Maxwellian thermal component becomes significantly colder (the effective temperature will be typically below 100 K), but the distribution covers a much broader energy range from thermal to cold neutrons. Epithermal neutrons are not guided; thus f increases with the length of the guide, and it is typically above 1000. Curved neutron guides transmit pure slow (thermal or cold) neutrons.
The performance of the neutron beam can be best characterized by the thermal flux. The f value is used for checking if the epithermal activation is really insignificant. The inhomogeneity of the beam may be interesting, especially when inhomogeneous samples are measured. The beam profile can be studied with an x-ray film, or by mapping the flux across the beam using a small piece of monitor material. When analyzing homogeneous samples using the k 0 approach, neither the flux, nor its inhomogeneity is important, as they cancel in the calculation.
Efficiency and energy calibration
The most important part of the calibration is the determination of the detector efficiency. The samples are counted during the irradiation, which can only be performed using a relatively large sample-to-detector distance. That is why corrections for coincidence summing are not necessary.
The prompt gamma peaks cover a very broad range of energies, typically between 50 keV up to 11 MeV, so the efficiency cannot be determined using a single calibration source. Standard radioactive sources are used at lower energies, while above the energies of radioactive decay, prompt gamma lines have to be applied. The efficiency calibration routine of Hypermet-PC is capable of combining datasets from several measurements and normalizing them together, fitting a 6 th -8 th -order polynomial to sometimes more than a hundred points [37] .
In PGAA, a lower amplifier gain is used than in NAA: one channel in the spectrum equals about 0.7 keV. Any non-linearity in the channel-to-energy function or a slight change in the gain may result in significant deviations when peak energies are determined. The nonlinearity is an inherent characteristic of the spectrometer, which does not change considerably with time. Using a nonlinearity correction, together with a two-point energy calibration of each spectrum, reliable energy data can be obtained. At low energies, accuracies are typically near 0.01 keV, while at the highest prompt gamma energies about 0.1 keV can be achieved, which is enough for the identification of peaks. The non-linearity function can be determined by comparing peak positions to those calculated from a two-point energy calibration. This calibration can also be performed using Hypermet-PC in a similar routine to that of the efficiency calibration [35] .
Analysis
The analysis in PGAA, in principle, is the following: in a carefully calibrated spectrum, the identification of the emitter elements can be performed based on the energies, while the qualitative analysis uses the peak areas. In a typical prompt gamma spectrum, hundreds, sometimes more than a thousand characteristic peaks appear. So, the chance of peak overlaps is rather high. In such a spectrum, the energy cannot be the only criterion for qualitative analysis. Hence, a method is needed that examines the energies and the relative intensities of the peaks at the same time. An element can be regarded as detected only when the matching peaks show a similar intensity pattern as that in the spectrum of the pure element. The best way to do that is the statistical analysis of peak energies and areas.
The ProSpeRo program, developed in Budapest and also used in Garching lists all possible matches with the database of prompt gamma lines [22] and calculates the masses of the elements. The selection of elements is done automatically (based on statistical qualifiers like Z scores and χ 2 values), but it can be corrected manually. The program also corrects for interferences from other components, neutron self-shielding and gamma-ray self-absorption (according to Eq. 8), as well as radioactive decay (Eq. 7).
The final mass values and their uncertainties are determined as weighted averages from the individual mass values, calculated for the selected peaks. The major and minor components in most cases are detected with PGAA, so the composition of the sample can be directly calculated from the peak area ratios.
Oxygen, one of the most abundant components of many natural materials, has a very low cross-section. Though it can be analyzed with PGAA, its uncertainty calculated from the peak areas is too large, so it may destroy the accuracy of the other components. That is why it is advantageous to calculate the oxygen content from the stoichiometry, assuming all possible elements as oxides.
The accuracy of the mass values is mainly determined by those of the peak areas and of the spectroscopy data. For the most abundant elements, uncertainties of about 1% can be reached [22] .
NAA
Getting started, software issues
The essentials of the k 0 method are: knowledge of the thermal neutron flux, f and α, and detection efficiencies for all counting geometries used. Since the calculations for the derivation and the use of these parameters are extensive, a software package is needed. One can begin a collaboration with one of the many laboratories using the k 0 method and adopt their method of calculation and their software. Two software packages are now readily available to all potential users. The KAYZERO Software [37] performs the calculations in the well-understood classical manner. It is widely used and has been well tested over many years. The k 0 -IAEA Software [38] uses a holistic approach, making the best possible use of all available information, and benefits from the support of the IAEA. The maintainers of both packages also provide training.
The instructions with the software package usually indicate how to determine f and α, how to measure the parameters of the efficiency calibration of the detector and how to convert it to specific counting geometries, and how to convert the peak areas into the concentrations of the elements. These software packages have a library of all the k 0 , Q 0 values, mean resonance energies, half-lives, decay types and the details of the decay schemes needed for true coincidence summing calculations.
Measuring f and α
Many methods have been developed to determine f and α. They all involve the activation and counting of a number of nuclides having a range of Q 0 values and mean resonance energies. The most accurate measurements of α use irradiations under cadmium cover to activate with epithermal neutrons only. Most laboratories do not require such high accuracy or may not be permitted to irradiate under cadmium cover. Bare irradiations have been shown to give sufficient accuracy if done carefully. Since the parameters are determined by subtraction of the thermal-neutron-induced activity from the total activity, two possibly similar quantities, accurate element masses, peak areas and detection efficiencies are needed. The minimum number of monitors which need to be irradiated for the simultaneous determination of the Φ s , f and α is three. One of the most convenient trios of monitor elements is Cr, Au and Mo [39] . Earlier, the trio consisting of two isotopes of natural Zr and Au was recommended [40] .
Detection efficiency ε
Detection efficiencies appear to play only a minor role in the activation equations, but in fact, their determination is by far the most difficult aspect of k 0 NAA. When using the relative standardization method, the counting geometry for the unknown is maintained almost identical to that of the standard, and only a small correction factor needs to be calculated. But with the k 0 method, for greater flexibility, the counting geometry for the unknown may be completely different from that of the monitor, and the comparison is between two different nuclides. It may be straightforward to determine a relative efficiency curve, efficiency vs. gamma-ray energy, for a point source far from the germanium detector, but essentially required are efficiencies for small or large samples, most often counted very close to the detector.
The efficiency-calculation routine, a major part of any k 0 software package, may use a physical or parametric model, which calculates the gamma ray detection probability as a function of the position of the emitting nuclide relative to the centre of the face of the detector. This is integrated over the volume of the sample, taking into account gamma attenuation in the sample and its support. Using calibrated and uncalibrated sources, for absolute and relative efficiencies, the user will perform the measurements necessary to determine the parameters of the model; the measured dimensions of the detector may also be used. Then the parameters of the model are fine-tuned, using further measurements in typical counting geometries.
A huge complication is coincidence summing of gamma rays. This is negligible when using the relative method, because the standard and the unknown are the same nuclide and the effect is the same for both. With the k 0 method, the software must have the decay schemes of all the nuclides used, to determine the probability of each decay path involving the gamma ray of interest, and the probability, for each counting geometry, of summing with the gamma rays emitted simultaneously along each decay path. Many routines have been developed to perform coincidence summing calculations. Three of the routines used with the k 0 method were compared for the case of a small sample counted close to the detector [41] . The reduction in detection efficiency due to summing-out was as high as 30% for some nuclides. Discrepancies between the three routines were as high as 10% in some cases and they were corrected.
Not all the routines correct for coincidence summing with x-rays. This may be important, especially for heavy nuclides, but it is difficult to correct accurately because it varies greatly with detector window thickness and sample thickness. For this reason, detectors with thin beryllium windows should not be used with k 0 NAA, unless samples are counted at distances of 10 cm or more. None of the routines correct for coincidence summing with beta rays. This may be important for some short-lived light nuclides which emit high energy betas in coincidence with the gamma rays. In these cases a 4 mm thick plastic absorber should be placed between sample and detector.
Accuracy
In 1987, the developers of the k 0 method estimated that the accuracy was typically 3.8% [42] . Since then, several expert labs have made a considerable effort to understand the method completely, to determine the causes of their inaccuracies and to eliminate them. These labs now routinely achieve 2% accuracy under favorable conditions, such as counting the samples far from the detector. However, for new labs adopting the method, a large number of papers comparing results with the accurately known concentrations in certified reference materials show many deviations between 5 and 10%. These papers did not identify the likely causes of these deviations and it is unlikely that these labs will ever have the resources necessary to find the causes. Thus, it must be concluded that new labs adopting the method should expect accuracies of the order of 5%.
An important step towards improved quality assurance is the development of the SMELS material [43] . There are three types, SMELS I, II and III, which when activated produce nuclides with short, medium and long half-lives. In each of the three spectra one obtains many clear gamma ray peaks over the entire energy range, emitted by at least a dozen nuclides produced by (n, γ ) reactions with low and high Q 0 values. These stable, homogeneous materials with well known concentrations of all the elements are very useful in verifying the method. In spite of their popularity, the three materials are still available from the developer. SMELS I and II can be recycled after the decay of the nuclides. The intended use of this material is to verify if the k 0 method is being carried out correctly. If discrepancies with the expected concentrations are observed, the user should determine the cause and correct it. Since the SMELS material was originally characterized using mainly the k 0 method, it can not be used as an absolute confirmation of the accuracy of measured concentrations, nor to verify the accuracy of published k 0 values.
There is a continuing effort to improve the nuclear data base, containing k 0 values, Q 0 values, mean resonance energies and half-lives. This will make a difference for a few nuclides for which the currently used k 0 and Q 0 values may be in error by as much as 10% [28, 44] . The international committee updating the database hopes to recommend new k 0 values for all the nuclides for which there is a doubt whether the current values are accurate to better than 2% [45].
Experimental
Installation of a PGAA laboratory
A PGAA facility has the simplest equipment among the instruments installed at a neutron beam. The simplest facilities consist of a beam shutter, a sample holder, a beam stop, and a high-purity germanium detector. Since the irradiation and the counting are performed simultaneously, the most important task is the proper arrangement of the shielding against neutrons and gamma rays. Against fast neutrons, boron-loaded polyethylene (or paraffin) can be used; thermal or cold neutrons can be stopped efficiently with boron-, or lithium-containing materials. Boron produces 478-keV gamma rays, which can be shielded much easier than the high-energy prompt gamma radiation from high-cross-section metals like Cd or Gd. Lithium was considered to be the ideal shielding material against slow neutrons; however, the fast neutron production due to secondary reactions may cause detector damage. Hence, in high-flux beams, the use of lithium has to be avoided, and a combination of boron and lead has to be applied instead. Against gamma radiation, a massive lead shielding has to be built. The most efficient shielding arrangement is when the different components (sample, beam stop, and detector) of the instrument are covered with almost closed lead chambers lined with the proper neutron shielding sheets, with the smallest possible apertures in the directions of the beam and detector [46] [47] [48] .
The sample holder and other structural components around the sample have to be as light as possible, and be made of low-cross-section materials. Teflon or FEP (consisting of carbon and fluorine), aluminum, and lead are preferred. Plastic because of its hydrogen content or steel has to be avoided. Samples may be held in the beam using Teflon strings, and, if necessary, they can be sealed in bags made of FEP foil. The samples can also be changed manually. In high-flux beams, the sample chamber has to be evacuated to minimize the count rate from the nitrogen content of the air [49] .
The detector has to be surrounded with lead shielding with a thickness of 10-20 cm to obtain the lowest possible spectral background. Active background reduction techniques are also preferred. The best Compton-suppressed detector system consists of a 25-50-% relative-efficiency HPGe detector surrounded by a bismuth germanate (BGO) scintillator annulus. Whenever scattered photons are detected by the BGO, their signal in the HPGe detector is rejected; thus the characteristic peaks collected without any energy loss are detected with a much higher probability, which results in a significant reduction of the spectral background [49] .
Applications of PGAA
PGAA is usually used for the determination of the average composition of the irradiated sample. It is more sensitive than NAA to the major elements of the matrix; however, certain trace elements can be analyzed with reasonable sensitivity. Thus, it is complementary to NAA, which can be regarded as a trace-element analytical technique.
This technique is mainly used for the analysis of samples with light-element matrices, and provides a unique opportunity for the determination of hydrogen and boron. Minerals, cement, concrete, glass, and ceramic are ideal samples for PGAA, but metals can also be analyzed.
A comprehensive summary of applications is given in [50] . Here, a few typical measurements will be mentioned mainly performed at Budapest and Garching.
k 0 -PGAA has been used for the analysis of all types of geological samples. For instance, boron was analyzed in volcanic rocks together with the determination of the composition [51] . PGAA has been used extensively in archeology in Budapest. Various types of prehistoric and polished stone tools were analyzed and classified based on the results [52, 53] . Inka-period ceramics from the Paria Basin (Dept. Oruro, Bolivia) were also studied [54] . Roman silvercopper coins were analyzed with PGAA, and based on the bulk composition; it was shown that the silver content gradually decreased during the period 119-194 AD [55] .
PGAA proved to be efficient in the analysis of different materials in containers with wall thicknesses of several millimeters. Nuclear materials were successfully detected in lead containers [56] . When placing a tube-enclosed chemical reactor in the beam, the composition of the reactants inside the irradiated volume can be monitored. The amount of hydrogen during the hydrogenation of n-pentynes on palladium catalysts, varying in the range of 5-50 ppm was measured in situ [57] [58] [59] .
In Garching, archeology is also a major field of application. Two gilded bronze reliefs from the Florence Baptistery were analyzed at the Garching PGAA facility [60] . See the Garching PGAA facility in Fig. 1. 
Installation in a small NAA laboratory
The NAA Laboratory at Ecole Polytechnique Montreal had been doing NAA from 1976 to 1997 using what was called the Improved Relative Method with the EPAA software [44] . Since the gamma-ray detection efficiencies and the neutron flux of the SLOWPOKE reactor were reproducible to about 1 or 2%, it was decided to standardize once and for all for the gamma-rays of all the nuclides used and for a small number of sample sizes and counting geometries. This approach was very convenient as it eliminated the need to prepare new standards for every batch of samples analyzed, but it had two drawbacks. First, many of the standards prepared and used at that time were of questionable quality and the sensitivity constants which were determined from them sometimes had errors greater than 10%. Second, the method lacked flexibility. Measurements were limited to the sample sizes and densities and counting geometries already standardized and a complete re-standardization was necessary for every reactor fuel change (done in 1997), new irradiation channel (two were installed in 1997) and new germanium detector (typically one every five years).
Thus, in 1997, it was decided to install and adopt the k 0 method at the NAA Laboratory. There were several things to do: acquire k 0 software and the k 0 database, measure the neutron spectrum parameters and measure the parameters needed for the germanium detector efficiency model. Two major decisions were made. First, it was decided not to use the k 0 method in the classical manner, irradiating flux monitors with every batch of samples and performing the neutron spectrum calculation and detector efficiency calculation for every sample. Instead, it was decided to retain the advantages of the convenient Improved Relative Method and calculate sensitivity constants for each nuclide and for a small number of irradiation channels and counting geometries [61] . A simple spreadsheet was used for this; it used k 0 values and other data collected from the published literature.
The second major decision was not to adopt the detector efficiency software which was readily available: KAYZERO/SOLCOI Software [44] . The reason was that we were using small and large cylindrical irradiation/counting vials placed on their sides usually very close to the detector, dictated by the relatively low neutron flux of the SLOWPOKE reactor. This was not the counting geometry envisaged when the SOLCOI Software was developed. Our own detector efficiency model was therefore developed [61] . It was found to work well for our purposes. However, the necessary coincidence summing calculations for all nuclides were found to be extremely complex and long to program. They were finally verified and validated [28] .
The measurement of the neutron spectrum parameters was relatively easy. The bare-triple-monitor method using 197 Au, 94 Zr and 96 Zr gave reasonable and reproducible values for f and α. Later, using the more accurate cadmium ratio for multi-monitor method, it was found that the values of f obtained with the Au-Zr trio were always about 10% high. The recently developed trio of monitor elements Cr, Au and Mo [39] was found to be very convenient and gave essentially the same values of f and α as the cadmium ratio for multi-monitor method.
Our earliest experience with the use of the k 0 method (1997-2001) was very satisfying. For the first time it was possible to analyze any material for any element without having the need for a standard of each element which matched the unknown samples. We were able to offer users an analysis service guaranteeing fast, accurate results.
The development of the k 0 method did not cease. When good standards became available they were used to verify the accuracy of the results obtained with the k 0 method [41] and in a few cases new k 0 and Q 0 values were proposed [28] .
With the k 0 method now working extremely well, it was found the analysis results were almost always of high accuracy, usually between 2 and 5%, for small and large samples of all types of materials, except for those which contained severe neutron absorbers causing significant neutron selfshielding. Methods were available for estimating and correcting thermal neutron self-shielding but none for epithermal neutron self-shielding except very difficult Monte-Carlo calculations. Then it was discovered that other researchers had an idea [62] for an analytical formula for epithermal self-shielding with only one nuclear constant to be determined for each nuclide. This was developed at Montreal by Chilian et al. [33] and now the effective self-shielding factor, G eff , which is a combination of the thermal and epithermal self-shielding factors, G th and G ep , can be calculated for cylindrical samples easily and accurately with the following formula:
with N A Avogadro constant, k th thermal self-shielding constant, r and h radius and height of the cylinder, m i mass of element i, σ abs,i thermal neutron absorption cross-section for element i, M i molar mass of element i, m mass of the element, k ep epithermal self-shielding constant, σ abs,ep ep-ithermal neutron absorption cross-section, M molar mass of the element. The thermal neutron absorption cross-sections are well known and the recently defined epithermal neutron absorption cross-sections have now been determined for all nuclides used in NAA [33] . For the analysis of unknown samples, the normal situation in NAA, the amounts of the elements are not known in advance. Therefore, G eff is calculated with the above formula using first the uncorrected measured amounts, and the final values of G eff and the amounts of the elements are obtained by an iterative procedure [33] .
Another often overlooked benefit of the k 0 method is that it forces the user to understand the models for the neutron irradiation and gamma-ray detection processes. This understanding, besides making NAA more interesting, is of great benefit when analyzing difficult or unusual samples. The user better understands what is happening and can make the key measurements or corrections necessary to achieve accurate results.
Application of k 0 NAA at Ecole Polytechnique Montreal
The k 0 method is most useful for multi-element NAA, but also for single-element NAA when it is inconvenient to prepare a good standard of that element that matches the samples in terms of size, density and chemical composition.
At Ecole Polytechnique Montreal, the staff of two or three performs approximately 1000 multi-element analyses and 3000 single-element analyses per year for researchers and for industry, which enabled the NAA Laboratory to become financially self-sufficient. It should be mentioned that one of the main reasons for this success was the use of the very convenient EPAA software. EPAA does the peak area calculations from the gamma-ray spectrum and also the calculation of the concentrations of the elements of interest using sensitivity constants derived from k 0 and Q 0 values, as well as f and α and detection efficiencies for the counting geometry used. Combining the two steps, peak area calculation and concentration calculation, allows the ana- lyst to focus only on the peaks needed for the analysis at hand and eliminates the need to weed through a lot of unwanted calculated results. To always ensure the best possible peak area determinations, the analyst inspects the peak fit of every peak used and can easily improve the fit interactively if needed.
The NAA work is accelerated by the use of three mechanical sample changers for overnight counting and an automated pneumatic irradiation system, shown in Fig. 2 , used two or three times a week for batches of samples analyzed with short-lived radionuclides.
Some of the types of materials analyzed by the k 0 method are listed here.
-Improved materials for fuel cells are being developed with catalysts containing Ru, Pt and Ir. Their composition is verified by NAA. -Fabric used for medical bandages may contain Ag for antibacterial protection and to promote wound healing. The amount is verified by NAA. -There is a great demand by the petrochemical industry for the analysis of polymer products for quality assurance and for product development. They are usually analyzed for catalyst residues or additives and on occasion to verify the low levels of toxic heavy metals. The catalysts themselves are also analyzed. Sometimes plastic products which have failed or which contain visible inclusions are analyzed to determine the cause of the problem. Plastics manufacturers also analyze their competitors' products to learn about their production methods. -The Cl level in the catalyst of an oil refinery is regularly measured to determine if it is time for regeneration. -Wood, paper, canvas, and vinyl used in humid environments are treated with chemicals to prevent mould. They are analyzed for active elements such as As, I, Cu and Sn [63] . -Refined rare-earth products are analyzed for traces of other rare-earths. -Silicon for the semiconductor industry is analyzed for impurities. -Insulation on electrical wires is analyzed for fire-retardant elements Sb and Br. -Soil samples are analyzed for uranium contamination. -Rocks, coal and soil are analyzed for heavy metals, rareearths and platinum group elements. -For medical studies, human hair and toenails are analyzed for Se and As [64, 65] . -The end products of chemically treated toxic waste are analyzed to determine the pathways of various heavy metals. -Materials collected from crime scenes are analyzed to establish chemical signatures as an aid in determining the possible origin. -Archaeological artifacts (ceramics, lithics and metal objects) are analyzed to determine their provenance.
Many of these applications illustrate the great advantage of k 0 -NAA over other analysis techniques. It can be applied immediately to the sample of solid material; there is no need for dissolution or other difficult sample preparation. This makes possible fast and accurate analyses even for unusual materials.
Conclusion
The k 0 approach has proved to be a successful method of standardization of both prompt gamma activation analysis and neutron activation analysis. During the standardization, the physical processes of neutron capture, de-excitation, and detection have been studied thoroughly, and the results were implemented in the methods. Reliable spectroscopy databases have been established, which are available and can now be used for chemical analysis. The k 0 method has been introduced at many NAA and also PGAA laboratories, providing an important step towards laboratory-independent, highly reliable analytical results.
